Zn x Sb 1−x systems are one of the most promising materials for thermoelectric applications due to their low cost, low toxicity and high thermoelectric figure of merit. We report the discovery and characterization of novel ZnSb polymorphs with improved thermoelectric properties from a systematic ab initio structural search. The putative ground state at low temperature is a structure with P bca symmetry. Corresponding electron and phonon transport properties are computed, where the lattice thermal conductivity was accurately obtained through third-order interatomic force constants. At 500 K, both the reduced figure of merit S 2 /L as well as the lattice thermal conductivity are superior to any previously reported numbers on ZnSb polymorphs, rendering the P bca phase a promising candidate for an exceptionally good thermoelectric material.
Introduction
Global energy challenges and limited fossil fuel demands the exploration of new sustainable energy resources, which has recently led to intense research in thermoelectric (TE) materials. The transformation of thermal to electric energy could unlock the potential to harvest clean power from natural or waste heat. 1 The efficiency of heat conversion is governed 2 by the dimensionless figure of merit ZT = S 2 σ/κ, where T is the absolute temperature (K), S is the thermopower (V/K), σ is the electrical conductivity (S/m), and κ the thermal conductivity (W/Km). Thus, maximizing ZT requires the simultaneous optimization of conflicting material properties (maximizing S and σ while minimizing κ), posing a nontrivial materials design challenge. A plethora of strategies have been demonstrated to enhance TE efficiency, e.g. by increasing the carrier density through heavy doping of semiconductors and reducing the lattice thermal conductivity through intrinsic anharmonicity (such as SnSe 3 ), structural disorder (such as alloying Bi 2 Te 3 4 ) and complexity (such as Zn 4 Sb 3 5 ), nanostructuring (such as PbTe 6 ) or sub-structuring (skutterudites and clathrates [7] [8] [9] ). Alloys and compounds based on Zn and Sb have been studied already by Seebeck as early as the beginning of the 19th century 10 and are touted as promising high-ZT materials due to their abundance, nontoxicity and low cost. Materials with stoichiometries of ZnSb and Zn 4 Sb 3 have been well studied, 1, 5, [11] [12] [13] the latter revealing a remarkably high ZT of ≈ 1.4 at 670 K which can be mainly attributed to the low lattice thermal conductivity due to the high complexity in the atomic structure.
14, 15 Other materials with different stoichiometries such as Zn 8 Sb 7 and metastable phases have also recently been reported in literature. 14, [16] [17] [18] Although the ZnSb alloy at its equiatomic composition has not drawn as much attention as other phases it shows promising TE properties with a ZT of 0.8 at 573 K in hot-pressed samples. 19 The value of ZT was shown to increase upon doping with Cu and through nanostructuring with Zn 3 P 2 towards a value of 1 at 550 K, 20 and to ZT = 1.15 at 670 K by Ag doping and Ag 3 Sb nanostructuring. 21 Recently, the thermal and vibrational properties were extensively studied from raman spectroscopy, 22 single crystal and powder x-ray diffraction (XRD). 22, 23 Above all, the most compelling advantage of ZnSb over other stoichiometries and phases lies in its stability. 24 In contrast, β-Zn 4 Sb 3 for example undergoes phase transitions both upon cooling and heating and is prone to either elemental decomposition or into ZnSb + Sb during thermal cycling, whereas ZnSb is stable in a wide temperature and pressure range.
ZnSb is known to crystallize in an orthorhombic P bca phase 25 with the same structure as CdSb, and recent low temperature single crystal x-ray diffraction (XRD) experiments confirm its crystal structure. 22 Although no phase transition has been observed below the melting temperature in contrast to other compositions in Zn x Sb 1−x alloys 24 at ambient pressure, ZnSb under-1 goes a phase transition to a simple hexagonal structure, as well as decomposition and amorphization upon applying and unloading high pressure. 26, 27 Furthermore, XRD pattern from thin-film samples show evidence for the formation of a yet unknown meta-stable crystalline phases of zinc antimonide.
14 These findings clearly indicate a complex energy landscape and possible polymorphism in ZnSb, motivating further investigation of the low energy phase diagram of ZnSb.
Results and discussion
To map out the low energy phase diagram of the ZnSb system the enthalpy landscape was systematically explored by a sophisticated structural prediction method (minima hopping method 28, 29 ) based on first principles density functional theory (DFT) calculations with the Perdew-Burke-Ernzerhof (PBE) generalized gradient (GGA) exchange-correlation (XC) functional. The structural searches were performed both at ambient condition and high pressures up to 20 GPa. During the search, the experimental orthorhombic structure was retrieved at a volume of 25.28Å
3 per atom (see Figure 1a and Table 1 ). GGA functionals are well known to overestimate the lattice constants, such that the computed volume is slightly larger than the experimentally observed value of 23.98Å 3 per atom.
22 Table 1 : Structural data for the P bca and P bca E phases, with lattice parameters a, b and c together with the experimental lattice parameters retrieved from Fischer et al. 22 at 9 K. The fractional coordinates are at the general Wyckoff positions 8c for the Zn and Sb atoms. Furthermore, many different structures were discovered with extremely low enthalpies at ambient pressure. A novel, hitherto unreported structure was found with the same space group as the experimental structure with a formation energy lower by 4 meV/f.u. compared to the experimental phase. Thus, from hereon the experimental phase will be referred to as P bca E , while the novel putative ground state will be simply referred to as P bca (see Figure 1b) . Although the exact energetic ordering between P bca E and P bca depends on the XC functional employed in the DFT calculations the energy difference consistently lies within less than 14 meV/f.u., confirming that the two phases are at least degenerate in energy (see Supplementary Material). Another phase with higher thermodynamic stability than P bca E was found with P 21/c symmetry (see Figure 1c ) with a formation energy of 0.5 meV/f.u. below P bca E . Furthermore, several other polytypes were discovered within a small energy range of a few tens of meV/f.u. above P bca E , indicating a large structural diversity in a tight energy range. Such high configurational density is typical for glass-like energy landscapes 30 and supports the electron-crystal-phonon-glass concept in ZnSb compounds. 5 A rather peculiar cubic phase was found at about 65 meV/f.u. above P bca E . The crystal symmetry corresponds to the space group P a3 and is related to P bca E through small structural distortions, and it transforms into this phase upon compression at around 10 GPa, indicating a second-order phase transition. A structure with Cmcm symmetry was found which becomes more stable than the experimental phase at about 6 GPa. However, according to our calculations the decomposition into elemental Zn and Sb is favored above approximately 3 GPa, as illustrated in Figure 2 where the enthalpies of several phases are plotted as a function of pressure with respect to P bca E . Experimentally, ZnSb first amorphizes upon compression, decomposes and then recrystallizes at about 7 GPa in a simple hexagonal (SH) phase of a different composition and a small quantity of elemental Zn.
26,27 Although we did not include the SH phase in our enthalpy phase diagram the decomposition behavior is well captured by the enthalpy plot. To ensure dynamical stability, phonon calculations were carried out to make sure that no imaginary phonons were observed in the Brillouin zones in any of above phases.
The lattice parameters and atomic coordinates of P bca are given in Table 1 Figure 1d supports this picture where the lone electron pairs in the vicinity of the Sb atoms can be clearly seen as well as the localization of charge between them which contribute to the formation of covalent Sb 4− 2 dimers. However, the validity of the Zintl concept in ZnSb compounds has been the subject of controversy due to the rather negligible amount of charge transfer of 0.27 q e per ion based on Bader charge analysis in P bca E . 31 The structural differences between P bca and P bca E consist primarily of a rearrangement of Sb 4− 2 and Zn 2+ units, leading to distinct differences in the XRD patterns despite having the same space group (see Figure 3) . In both the P bca E and P bca phases the Sb 4− 2 distances are almost identical (2.89Å in P bca and 2.84Å in P bca E ), and each atom is surrounded by 1 of the same and 4 of the opposite type, which leads to planar rhomboidal Zn 2 Sb 2 -rings and tetrahedra sharing edges and corners 11 ( Figure S1 (a) in the Supplementary Material). Figures S1(b) and S1(c) show the fivefold coordination of Sb atoms together with the planar rings. In P bca E the Zn 2 Sb 2 ring is almost orthogonal to the remaining zinc bond, while in P bca it is rotated and nearly coplanar with the zinc bond. This rearrangement can also be seen from the panels (ii) and (iii) in Figure 1 , showing the orientation of the rhomboidal chains which are either coplanar (P bca and P 21/c) or twisted (P bca E ): the subpanels (ii) and (iii) show the views along and from the side of the chains, respectively.
Another evidence for the formation of Sb 4− 2 and ZnZn dimers in the rhomboidal chains of the various phases can be found when analyzing the phonon eigenmodes at the Γ point. The lowest energy eigenmodes consistently correspond to collective motions of the dimers, which either lead to translational, twisting or expanding/contracting motions of the rhomboidal chains. In contrast to the study by Schweika et al. 36 on Zn 4 Sb 3 who ascribed low energy phonons to rattling of the Sb 4− 2 dumbbells our results show that Zn-vibrations contribute equally to low eigenmodes, which is in agreement with the results of Jund et al. and Bjerg et al. 13, 37 For P bca E , the lowest optical eigenmodes consist of both Sb and Zn dimer translations, where each pair of atoms associated to a dimer oscillates in the same direction around the equilibrium position. The first rotational modes of dimers are observed at phonons above 1.43 THz. Similarly, the P bca exhibits dimer motions, however the two lowest modes correspond to collective translations of the whole rhomboidal chains. The first libration mode is observed at frequencies as low as 1.27 THz. For the P 21/c phase the onset of dimer rotation occures at even lower frequencies of around 1.14 THz. On the other hand, dimer-stretching modes, especially of the Sb
4− 2
dimers, are only observed at higher energies above 4.00 THz for all phases.
With the phonon calculations at hand, the free energy was computed within the harmonic approximation to assess the stability of the different polymorphs at finite temperature and ambient pressure. From the free energy plot shown in Figure 5 we can deduce why the P bca E phase is observed experimentally: although the novel structure P bca is favored at low temperatures, at higher temperatures P bca E is stabilized by entropic effects. The transition temperature is located within the operating temperature range for heat conversion in TE materials. Similarly, the P 2 1 /c phase is slightly less stable than P bca E due to the phonon contribution. However, these results must be treated with caution, since anharmonic effects will become increasingly important at high temperatures.
Fischer et al. recently conducted an extensive survey of the thermal and vibrational properties in ZnSb through multitemperature XRD measurements and DFT calculations in a wide temperature range. 22 The thermal dependence of the structural properties was extracted from single crystal XRD (SCXRD) measurements between 9 and 400 K and powder XRD (PXRD) measurements between 300 to 723 K. Similarly, Blichfeld et al. 23 performed multitemperature PXRD experiments between 100 and 1000 K. To compare the thermal lattice expansion we calculated the cell volume as a function of temperature within the quasi-harmonic approximation, resulting in a theoretical thermal expansion coefficient at 300 K of α . Figure 6 shows the thermal expansion of both the P bca and P bca E phases with respect to the equilibrium volume V 0 at 300 K, together with the the experimental values from Ref. 22 and Ref., 23 indicating that the evolution of V /V 0 in P bca at high temperatures is closer to experiment than in P bca E .
The atomic mean-square displacement tensors U ij were computed as a function of temperature for both P bca and P bca E in order to investigate the harmonic thermal atomic displacements parameters (ADP) U eq , which is given by the average of the diagonal elements
. Qualitatively, both P bca and P bca E exhibit a very similar behavior and agree well with experiments (see Figure 3 in the Supplementary Material). The differences between the two phases are only reveiled when investigating the individual components U ii of the ADP, which are shown in Figure 7 for P bca and P bca E , together with the experimental results from Fischer et al. 22 For the Zn atom both in P bca and P bca E the U ii have very similar values with U 11 ≈ U 22 < U 33 , which is in good agreement with the experiments from Fischer et al. 22 The Sb atoms, however, show a different behavior, where U 11 < U 22 < U 33 for P bca E but U 22 < U 11 < U 33 for P bca. Experimentally, the measured ADP components behave like U 11 < U 22 < U 33 in the temperature region above 100 K, which is in accordance with our DFT results of P bca E . At T < 100 K, however, the ordering of the ADP components changes, such that U 11 ≈ U 33 < U 22 , which is qualitatively closer to the calculated ADP of the P bca phase. Thus, the observed inversion of the ADP components might be an evidence for P bca in the ZnSb sample of Fischer et al. 22 at very low temperatures. However, this observation should be treated with caution, since the relative error increases at low temperatures (see Figure 8d in Ref. 22 ). Through a linear fit to the ADP the Debye temperature Θ D can be estimated by
for T > Θ D . 38 Our results for the P bca E phase are in excellent agreement with the DFT results of 22 (see Table 2 ). As pointed out by Blichfeld et al., 23 the original values in Ref. 22 were computed with the wrong masses for Sb. The Debye temperature of Zn in the P bca phase is almost identical to P bca E . The slightly lower value of Θ Sb D in P bca reflects the difference in the ADP components of the Sb as discussed above and could be re- Figure 3 : Simulated XRD pattern for the P bca (red) and P bca E (green) phases with the radiation source of Cu-K α with a wavelength of 1.54056Å. sponsible for a lower lattice thermal conductivity.
Based on the structural similarity between the low energy phases of ZnSb we investigated the transformation kinetics between P bca and P bca E by means of solid state nudged elastic band (SSNEB) calculations. 39 Since dimer rotations are associated to low energy phonon eigenmodes the P bca and P bca E structures were transformed into cells where the centers of the Sb 4− 2 dimers were closely aligned with each other. Then, atomic indices of the structures were carefully matched to generate initial guesses for the SSNEB calculations which avoid dissociation of the Sb 4− 2 dimers, resulting in three different pathways. After performing preliminary SSNEB simulations with loose convergence criteria, local minima along the pathways were identified and separate SSNEB calculations of higher accuracy were performed between each pair of the metastable structures. The pathway with the lowest barrier energy of 115 meV/atom (113 meV/atom for the reverse reaction) is shown in Figure 4 , where each local minimum (red dots) along the path is illustrated separately such that the complete reaction can be divided into separate steps involving rotations of the Sb Figure 4 : Energy along the transition pathway from the P bca to the P bca E phase, with local minima and saddle points denoted by red and green dots, respectively. The arrows indicate the dimer rotation involved in the structural transformation. dicate the direction of rotation). The large number of low energy local minima connected through low barriers along the path is another evidence of the glass-like energy landscape of the ZnSb system. In fact, the barrier heights are merely upper limits of the real transition energies, since only a concerted pathway in the smallest possible cell was studied without taking into account any nucleation effects. Such barrier could thus be easily overcome at ambient conditions, allowing the transformation between the P bca E and the thermodynamically more stable P bca phase.
The subtle structural difference in the P bca and P bca E leads however to significant differences in both the electronic and transport properties. The electronic band structure of the P bca phase is shown in Figure 8 . Compared to the band structure of P bca E (see Supplementary Material) the conduction bands are shifted upward in energy in the Γ-X and Γ-Y directions, whereas in the Γ-Z direction they are shifted down, closing the small band gap (0.05 eV) observed in P bca E . Since it is well known that conventional DFT band gaps are significantly underestimated 40 we performed band structure calculations of higher accuracy using the HeydScuseria-Ernzerhof hybrid functional (HSE06). [41] [42] [43] For the P bca E phase the HSE06 gap is 0.58 eV and thus in excellent agreement with the experimental value of 0.61 eV at 4.2 K (0.50 eV at 300 K). 44 For the P bca Figure 6 : Comparison of the experimental and computed thermal expansion with respect to the volume V 0 at a temperature of 300 K. The experimental values from SCXRD and PXRD measurements were taken from Fischer et al. 22 and Blichfeld et al., 23 respectively, and the V 0 were obtained from corresponding linear fits to the data points.
phase the HSE06 functional opens a gap of 0.38 eV, a value well suited for TE applications.
The thermal conductivity κ, which affects the figure of merit ZT = S 2 σ/κ, can be separated into the electronic (κ e ) and lattice component (κ L ), which allows us to rewrite ZT in a form which factorizes into a pure electronic part, S 2 /L, modulated by the electronic fraction of the total thermal conductivity,
where L = κ e /T σ is the Lorenz factor, and S and L can be expressed as the ratio of the Onsager coefficients.
45
Therefore, the relaxation time τ ( ⃗ k) for electrons cancels between the numerators and denominators if it is assumed to be wave vector independent. This allows us to obtain S 2 /L without computing the details of the scattering of electrons, such that we can estimate an upper bound for the figure of merit. In this approximation S 2 /L is therefore a direct measure for the intrinsic 5 Figure 7 : The components of the ADP for the Zn and Sb atoms in the P bca and P bca E phases, respectively. The experimental values were taken from Fischer et al., 22 and the error bars indicate the ±2σ range. Note that, due to the difference in the labeling of the cell vector, U 11 and U 33 are exchanged compared to Ref. Figure 8 : PBE electronic structure of the P bca phase. Note the band-crossing at the Fermi level between Γ and Z which disappears in the HSE06 band structure. quality of the electronic structure to convert heat into electricity.
The values of S and L are plotted in Figure 9 for P bca E and P bca as a function of the carrier concentration. Across the whole range of carrier concentration the values for P bca and P bca E differ significantly. In the concentration range of interest for practical applications around 0.1 e per unit cell the value of S 2 /L is roughly 2.5 times higher for the P bca than for the P bca E phase, and up to 5 times higher if the doping is increased to an electron concentration of 0.3 e per unit cell. Therefore, the P bca phase exhibits superior electronic transport properties in a promising range of carrier concentration. Figure 10 : Lattice thermal conductivity as a function of temperature. The computed thermal conductivity for the P bca phase are shown using solid lines. Experimental values for the P bca E phase are shown using the following symbols: (▲ no-ball-milled) (▼,■ ball-milled) (◀ monocrystal) (▶ polycrystal) (♦ Zn point defects). The computational results of Bjerg et al. 13 are shown with dashed lines.
In contrast to the electronic counterpart, the computation of the phonon scattering cannot be avoided to obtain the lattice thermal conductivity. Within the relaxation time approximation the phonon Boltzmann equation can be solved in closed form to obtain the lat- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 tice thermal conductivity tensor,
where V is the unit cell volume, and q and p respectively are the wave vectors and branch index of the phonon states of frequency ω qp , respectively. v qp = ∂ωqp ∂q is the phonon group velocity, and C qp the mode dependent heat capacity given by
and τ qp the phonon lifetime from phonon-phonon interactions:
where n qp is the Bose Einstein occupation function of mode qp. The Φ , projected onto the phonon eigenvectors. The third order derivatives therefore represent the anharmonic contributions to the potential energy that generate the thermal resistivity within the lattice. This explicit calculations of the lattice thermal conductivity with the phono3py code 46 is the computationally most demanding task.
The lattice thermal conductivity is plotted as a function of temperature in Figure 10 together with measurements for the experimental P bca E phase, 47-50 indicating that values for P bca are overall significantly lower than most experimental reports on P bca E . Compared to earlier theoretical results on P bca E , the thermal conductivity of P bca is by more than a factor of 3 lower at 300 K (6.6 W/mK in Ref. 13 ). Experimentally, the lowest thermal conductivities were measured in micro-structured and ball-milled samples (▼ and ■) and cold pressed samples containing Zn point defects (♦). It is well known that defects, dislocations, interfaces and grain boundaries strongly increase the phonon scattering and therefore decrease the thermal conductivity. These additional scattering processes are not included in our computations, nevertheless our results produce thermal conductivities lower than those obtained from structurally engineered samples. In fact, the thermal conductivity of the P bca phase is even lower than PbTe, the reference material for high performance TE (∼ 1.5 W/mK at 500 K). 51 Furthermore, the value of 0.34 W/mK at 500 K along the z-axis in P bca (corrsponding to the direction along the rhomboidal chains) is even lower than the exceptionally low value (∼0.5-1 W/mK) reported for the Zn 4 Sb 3 alloy which, based on this property, is considered one of the most promising TE materials.
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Conclusion
In summary, a systematic search for low energy structures of the ZnSb compound was performed with first principles electronic structure calculations, revealing the glass-like energy landscape and polymorphism of the ZnSb system. Two novel structures are predicted with competing energies to the known P bca E phase. The calculations show that the electronic transport properties of the putative ground state, the P bca phase, are vastly superior to the P bca E structure. Simultaneously, P bca also exhibits an exceptionally low thermal conductivity, which was for the very first time explicitly computed for a predicted material from ab initio calculations based on the third order derivatives of the potential energy. Therefore, this novel ZnSb polymorph exhibits all attributes to surpass known phases with respect to their efficiencies as TE materials. However, the free energy calculations predict that the P bca is thermodynamically less stable than P bca E at operating temperatures of thermoelectric generators. Due to the low energy barriers associated with the rotation of Sb 4− 2 dimers and its slightly larger volume the P bca phase might be synthesized through strain engineering or chemical pressure, and is expected to be the ground state at low temperatures. A comparison of the ADP with the experimental results of Fischer et al. 22 indicates that the sample might have contained small fractions of the novel P bca phase.
Computational Details
The structural search was performed with the minima hopping method, 28, 29 which implements a highly reliable algorithm to identify the ground state structure of any material by efficiently sampling low lying phases on the energy landscape, based solely on the information of the chemical composition.
52-54 Consecutive short molecular dynamics escape steps are performed to overcome energy barriers followed by local geometry optimizations, while exploiting the Bell-Evans-Polaniy principle in order to accelerate the search. 55, 56 The structural searches were conducted with cell sizes of 2, 4 and 8 formula units at discrete pressures of 0, 5, 10, and 20 GPa, scanning several hundred different structures. Initial structures were randomly generated.
The energies, forces and stresses were evaluated with density functional theory calculations within the projector augmented wave (PAW) formalism 57 as implemented in the VASP 58-60 code together with the Perdew-Burke-Ernzerhof (PBE) approximation 61 to the exchange correlation potential. A plane-wave cutoff energy of 500 eV was used in conjunction with a sufficiently dense k-point mesh to ensure a convergence of the total energy to better than 1 meV/atom. Geometries were fully relaxed with a tight convergence criterion of less than 4 meV/Å for the maximal force components.
Transition pathways were computed using the VASP Transition State Theory Tools. 39 Initial pathways were roughly estimated through a solid state nudged elastic band (NEB) simulation. Saddle points were then refined by employing the climbing image NEB approach until the gradients were converged to less than 10 meV/Å.
High accuracy electronic band structure calculations were performed with the Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) [41] [42] [43] as implemented in VASP. The electronic transport properties were computed using the BoltzTraP code. 62 Due to the semimetcallic bahaviour of P bca whithin PBE we employed the modified Becke-Johnson meta-GGA functional 63, 64 for all BoltzTraP calculation which was shown to give band gaps close to hybrid functionals at moderate computational cost (0.49 eV for P bca E , 0.33 eV for P bca). The slight underestimation of the gap is expected to introduce merely a simple shift in the temperature for the values of S 2 /L when HSE06 is employed. The first Brillouin zone was sampled on a dense 41 × 41 × 41 mesh to ensure that the band structure was sufficiently converged.
Phonon calculations were carried out with the frozen phonon method as implemented in the phonopy 65 package. The lattice thermal conductivity was computed with the phono3py code. 46 Finite difference were used by displacing pairs of atoms by 0.01Å from their equilibrium positions to obtain the forces on the atoms. For each of those configurations a density functional calculation was performed for a 128 atoms supercell, with a dense k-points mesh of 4 × 4 × 4 and a plane wave cutoff energy of 400 eV. The different quantities appearing in equation (2) were finally computed on a uniform 11 × 11 × 11 grid in the first Brillouin zone.
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